The objectives of the present study were (1) to investigate the qualitative composition of rhizodeposits leached from soils cropped with non-transgenic and genetically modified (GM) potatoes, and disclose if there were GMspecific modifications in potato rhizodeposition, and (2) to compare these results with conventional bulk parameters of microbial activity in soil. We have raised potatoes from a non-transgenic line (Solanum tuberosum L. cv. Désirée) and three GM lines, which expressed a gene for the resistance to kanamycin (DLH 9000) and a gene for T4 lysozyme (DL10 and DL12). A sandy soil placed in 340 cm 3 -"CombiSart" containers was used, from which the rhizodeposit was leached after a six-week growth period. The freeze-dried leachates were analyzed by pyrolysis-field ionization mass spectrometry (Py-FIMS). The Py-FI mass spectra gave detailed molecular-chemical information about the composition of leachates, indicating that the potato growth generally altered the composition of the soil solution. Moreover, a principal component analysis of the mass spectra showed differences between the leachates from the non-transgenic parent line and the GM potatoes as well as among the latter group. However, these differences in molecular composition could not be assigned to the release of T4-lysozyme into soil. Dehydrogenase activity and substrate-induced soil respiration as more common bulk parameters of soil microbial activity failed to disclose any significant effects of the various potatoes grown. The limitations of the described rhizodeposit leaching and analysis for risk assessment of GM potato cropping under field conditions are discussed critically. However, it could be concluded that the Py-FI mass spectrometric "fingerprint" can be developed as a fast, comprehensive, highly sensitive and reproducible analytical approach to discern any effects GM-crops may exert on soil ecological parameters.
INTRODUCTION
Soil is the first component of the environment that could be affected by genetically modified (GM) crops. Generally, there are two pathways for plant organic matter influences on soil, (1) rhizodeposition, i.e. the root exudation and deposition of all other root-derived organic substances in the rhizosphere, and (2) incorporation of non-harvested plant residues such as leaves, stems and roots into the tilled soil layer (Brady, 1990) . Irrespective of the pathway, this organic matter is potentially consumed by soil organisms. Therefore, a modified composition of plant biomass can affect the consumer populations of which microorganisms form the largest group by number, weight and importance for biochemical soil processes (Paul and Clark, 1996) . Furthermore, genetic modification to increase crop resistance to soilborne pathogens can also affect other microorganisms important for crop development (de Vries et al., 1999) . For example, Cowgill et al. (2002) reported changes in the community structure of rhizosphere microbes caused by transgenic potatoes expressing the genes for chicken egg white cystatin (CEWc) or a modified version of rice cystatin (Oc-I∆D86). On the other hand, bacterial communities in the crop rhizosphere are sensitive to different environmental factors, like weather conditions, seasonal changes in soil moisture and temperature, soil pH etc. (Wood, 1995) . A detailed analysis carried out by Heuer et al. (2002) showed that effects the of T4 lysozyme released from transgenic potato roots on bacterial rhizosphere communities were negligible relative to natural factors, though as a pure substance, T4 lysozyme affects both gram-positive and gram-negative bacteria.
In a recent comprehensive review, Bruinsma et al. (2003) summarized the case-by-case studies of the influence of GM crops on soil microorganisms. They proposed a two-pronged approach to study potential effects of GM crops: (1) to investigate specific microbial groups and processes, and (2) to implement general analyses that may detect effects outside the scope of predicted microbial groups and processes. Substrateinduced respiration, enzyme activities (Sessitsch et al., 2004) , and the quantitative and qualitative analysis of rhizodeposition are such general integrative parameters, which can indicate significant or insignificant effects of growing GM crops on microbial communities in the rhizosphere, as concluded, e.g., by Brusetti et al. (2004) .
Recently, pyrolysis-field ionization mass spectrometry (Py-FIMS) was shown to be a rapid and highly sensitive method for the analysis of leached maize rhizodeposits (Kuzyakov et al., 2003) , which enabled detection of differences in the composition of maize rhizodeposits between day-and nighttime (Melnitchouck et al., 2005) . Rhizodeposits of potato plants have not been investigated by modern analytical methods and, accordingly, rhizodeposits of transgenic plants have not been compared to those of non-transgenic ones. Therefore, the objectives of the present study were (1) to investigate the qualitative composition of rhizodeposits leached from non-cropped soil and the same soil grown with non-transgenic and T4-lysozyme potatoes by Py-FIMS, and determine if there were lysozyme-specific modifications in potato rhizodeposition; (2) to investigate the decomposition of crop residues by means of soil respiration and dehydrogenase activity, as two additional general indicators of possible effects of T4-lysozyme potatoes on soil microorganisms. The general purpose of this research is to develop rapid and low cost test systems to find out whether GM crops exert transgene-specific effects on the soil rhizosphere, or not.
RESULTS AND DISCUSSION
Elemental analysis of the rhizodeposits Table 1 shows that leachates from the soils with the plants had larger C and S, and smaller N concentrations than the leachate from the non-cropped soil. Although the C, N, and S concentrations varied between the replicated samples, one-way ANOVA showed that these differences were significant. The C:N ratio was extremely narrow in the leachate from the unplanted soil (about 0.6:1), indicating the leaching of mineral N (NH 4 + , NO 3 -). The C:N ratio in the leachates from the soils cropped with potatoes was wider, but still narrow. The mean C:N ratio of 5:1 of rhizodeposits was lower than the average value for the whole soil (9.9:1). This indicates that potato rhizodeposits were richer in N than the whole soil.
The C and N concentrations in potato rhizodeposits were lower than the values obtained for maize in our previous research, whereas the concentration of S was higher (Melnitchouck et al., 2005) . Since we used the same soil for the two experiments, this difference indicates that the composition of the rhizodeposits may be crop specific. There were no differences significant at P ≤ 0.05 between elemental concentrations and ratios of rhizodeposits from non-transgenic and transgenic potatoes. The similarity of all samples from the cropped soil indicated no significant effect of T4-lysozyme potatoes on the elemental composition of rhizodeposits. 
Pyrolysis-field ionization mass spectrometry
The Py-FI mass spectrum of the leachate from the noncropped soil was characterized by a low total ion intensity of 0.414 × 10 6 counts.mg -1 (not shown), large proportions of unspecific signals in the low-mass range (m/z < 56), an intense signal of acetamide (m/z 59) indicating the pyrolysis of N-containing compounds, and a relatively low abundance of marker signals for carbohydrates (m/z 84, 96 and 110), phenols and lignin monomers (m/z 124, 166, 208), alkylaromatics (m/z 190, 302) and Ncontaining compounds (m/z 279, nonadecanenitrile) (Fig. 1) . The thermogram of total ion intensity (upper right) indicated a maximum of volatilization at 380 °C, which is typical for dissolved organic matter (Schulten et al., 2002) . The Py-FI mass spectra of leachates from the soils with potato plants were more intense by an average factor of 4.5 and covered a wider range of m/z (up to > 500) (Fig. 2  a-d ) compared to the spectrum in Figure 1 . These spectra had more than 200 additional signals in the range from m/z 15 to 500, which were not present in the leachate from the non-cropped soil. Most intense in the lower mass range were signals assigned to peptides (m/z 45, 57, 70, 74, 84 and 97, 146, 147) , heterocyclic N containing compounds (m/z 59, 67, 79, 81, 95, 103, 109) and carbohydrates (m/z 84, 96, 110 and 126). In the medium and higher mass range, signals of phenols and lignin monomers (m/z 152, 178, 180, 194, 196, 208, 210) Figure 1 , are explained by the potato rhizopedosits cumulated over the six-week growth period, their microbial decomposition products, and leachable products of interaction with the genuine soil organic matter (Kuzyakov et al., 2003; Melnitchouck et al., 2005) . The Py-FI mass spectra in Figure 2 also indicate visual differences in the molecular composition of leachates among the four variants with potatoes grown. Considering the molecular composition of T4 lysozyme, it has to be determined if these differences originate from T4 lysozyme deposited in soil. A molecule of T4 lysozyme consists of 164 amino acids, and about 80% of them are alanine, arginine, asparagine, aspartic acid, glycine, glutamic acid, isoleucine, leucine, lysine, threonine and valine (Protein Data Bank, 2003) . The expression of T4 lysozyme was determined to be relatively constant and did not exceed 0.0014% of total plant protein (Düring and Mahn, 1999) . Data about the specific proportions of this enzyme in plant rhizodeposits were not available. However, if T4 lysozyme was stable Figure 1 . Thermogram of total ion intensity (upper right) and summed and averaged pyrolysis-field ionization mass spectra of a leachate from the sandy soil used for the potato growth experiment.
in soils, the amino acids constituting its molecules should be detected in the samples DL10 and DL12.
In Py-FIMS mass spectra, m/z 57 is a typical pyrolysis product of threonine, leucine and isoleucine (Sorge et al., 1993) , and m/z 45 can be formed from all peptides. As these signals were intense in all leachates, including those from non-cropped soil, we assume that T4 lysozyme was definitely not the main source of these signals. The intense signal m/z 84 can originate from carbohydrates and glutamic acid or glutamine. The marker peaks for glutamine, glutamic acid and lysine are m/z 130, 146, 147 (Sorge et al., 1993) . Although there were some differences in the abundances of these three signals, no particular enrichment in the spectra from samples DL10 and DL12 was visible. The relative abundances of m/z 97 (aspartic acid) and m/z 99 (fragment of asparagine) were similar in all the samples obtained from the soils with nontransgenic plants. M/z 115 and 133, which are the base peaks for arginine and asparagine, were weak in all the samples. According to Hütsch et al. (2002) , glutamine, aspartic acid and serine represent 72.9% of amino acids exuded by maize roots. In our case, the most intense signals assigned to peptides arose from glutamine, leucine, isoleucine and threonine. This difference indicates that the plant species may determine the amino acid composition in rhizodeposits. However, the detailed inspection of the characteristic signals from amino acids occurring in T4-lysozyme did not indicate an influence of the expression of this protein in the transgenic lines on the composition of the leachates.
Several signals detected in the samples with the plants but absent in the non-cropped soil originated from sterols, in particular m/z 394 and 396 (see Fig. 2 and compare with Fig. 1 ). M/z 396 relates to ergosterol, which is a fungalspecific membrane lipid, in particular, for Glomus sp. (Kjøller and Rosendahl, 2000) . As potato can develop endomycorrhiza with these fungal strains (Rausch et al., 2001) , presence of this compound in the samples is interpreted as indication that endomycorrhizal fungi were not affected by T4 lysozyme. Table 2 shows the summed ion intensities for each of 10 classes of organic compounds derived from the Py-FI mass spectra. Leachates from the non-cropped soil had about 78% of low-mass and non-specific signals. Rhizodeposits from all the soils with potato plants had higher proportions of all the main compound classes, especially carbohydrates, phenols and lignin monomers, lipids, fatty acids and peptides. This indicates that rhizodeposits were not immediately decomposed, and remained in soil, at least to a certain extent, over the sixweek growing period. ANOVA of these data showed that the differences between the samples from non-cropped soil and soils with potato plants were significant at P < 0.05 for carbohydrates, phenols and lignin monomers, free fatty acids, alkylaromatics and peptides, regardless of the plant genotype. There was no significant difference between the rhizodeposits of non-transgenic and T4-lysozyme potatoes.
In order to show the sensitivity of Py-FIMS and find out which m/z determined the differences between rhizodeposits in the potato varieties, we carried out a principal component analysis (PCA). The signals with the largest variance weights for the discrimination between the four sample groups were m/z 189, 131, 202, 214, 226, 71, 84, 208, 125, 164 and 280 . These indicate Ncontaining compounds (e.g. methylindole: m/z 131, pyrolysis products of glutamine and glutamic acid: m/z 84; substituted pyrrole or pyridine: m/z 125) and lignin building blocks. The plot of principal component (PC) 2 versus PC 1 unequivocally shows that there were differences between the leachates from the same line and between leachates from the different lines (Fig. 3) . Furthermore, PC1 discriminated between the wild-type potato and all transgenic lines. The two signals with the highest negative loadings, m/z 189 and m/z 131 (indole derivate from pyrolysis of glutamine and/or glutamic acid) were more abundant in the leachates from the wild-type than in the leachates from the GM plants.
The clear discrimination of the various potato lines based on PCA of Py-FI mass spectra of leachates in the first instance confirms that Py-FIMS is extremely Table 2 . Main classes of organic compounds as derived from the pyrolysis-field ionization mass spectra; in % total ion intensity (TII) ± standard deviation: carbohydrates = CHYDR, phenols + lignin monomers = PHLM, lignin dimers = LDIM, lipids = LIPID, alkyl aromatics = ALKY, heterocyclic nitrogen containing compounds = NCOMP, sterols = STEROL, peptides = PEPTI, suberin = SUBER, free fatty acids = FATTY. * The difference between the samples from planted and unplanted soils is significant at P < 0.05. ** The difference between the samples is significant at P < 0.01. Figure 3 . Plot of the principal components 1 and 2 calculated from pyrolysis-field ionization mass spectra of soil leachates, collected after six-week growth of non-transgenic (WT) and GM potatoes (LH 9000, DL10 and DL12; for explanation of abbreviations see Fig. 2 ).
sensitive to differences in the molecular-chemical composition of complex heterogeneous biomaterials. This was also concluded from investigations of fulvic acids in fen soils (Leinweber et al., 2001) , and more recently, of rhizodeposits leached from non-transgenic crops (Kuzyakov et al., 2003; Melnitchouck et al., 2005) . Thus, either a higher sensitivity of Py-FIMS, or principal differences between potato and pea, can explain the disagreement to Gransee and Wittenmeyer (2000), who did not find significant differences in carbohydrates, amino acids and carboxylic acids between the exudates of two non-transgenic pea cultivars with common chromatographic techniques. Figure 4 shows that the dehydrogenase activities varied between 3 and 7 µg TPF.g -1 .TS -1 .h -1 . The dehydrogenase activities were not affected by growing the potato plants. Furthermore, there was no significant difference between soils grown with wild-type and transgenic potatoes. Generally, the dehydrogenase activities were in the same order of magnitude as determined for a range of sandy loams under crop rotations (Simek et al., 1999) . Though this characteristic is not consistently correlated to the number of microorganisms, CO 2 evolution or O 2 consumption, dehydrogenase reflects a broad range of microbial oxidative activities (Tabatabai, 1994) . It can be influenced not only by enzyme concentration, but also by the nature and concentration of added and endogenous C substrates and alternate electron acceptors (Verhoef and van Gestel, 1995) . In the present investigation, the only sources of C amendment were the potato rhizodeposits and the products of microbial activity. Therefore, potato growing did not have a measurable effect on a wide range of soil bacteria. Figure 5 shows that the curves of CO 2 emission were similar in all the variants of the experiment. The lowest values were obtained for the non-cropped soil. The soils after the growing of the lines DL10 and DL12 had slightly increased rates of CO 2 emission, however, the difference between all the variants determined by t-test was insignificant at P < 0.05, except for the non-cropped soil. Soil respiration is an integral characteristic describing the activity of soil microflora, and the rates of respiration can . Substrate-induced respiration: CO 2 emission from the soils after growth of non-transgenic (WT) and GM potatoes (LH 9000, DL10 and DL12; for explanation of abbreviations see Fig. 2 ).
Dehydrogenase activity and soil respiration
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Environ. Biosafety Res. 5, 1 (2006)be used to assess the overall effect of root exudates on soil microorganisms. The similarity in all respiration curves from soils with potato plants confirms the explanation of dehydrogenase activities. A comparison of the three methodological approaches to determine effects of non-transgenic and transgenic potatoes on soil molecular and microbial properties results in a clear sequence of sensitivity: Py-FIMS of rhizodeposits > dehydrogenase activity > substrate-induced respiration. However, even the most sensitive method failed to disclose modifications in rhizodeposition that could be assigned directly to the expression and release of T4-lysozyme. In more localized measurements directly at the rhizoplane, it has been demonstrated that T4 lysozyme release from root hairs increased the killing of rootadsorbed Bacillus subtilis cells (Ahrenholz et al., 2000) . Differences in the abundance and diversity of plant-beneficial bacteria were detected in the rhizosphere of T4 lysozyme and control potato plants, but there was no clear correlation with T4 lysozyme release from the roots (Lottmann et al., 1999) . Most probably, T4 lysozyme released by the living roots of GM potato plants, is bound by soil particles and/or rapidly decomposed by the soil microorganisms and, therefore, has no long-lasting effect on key activities of soil microorganisms. Furthermore, our results are in line with Heuer et al. (2002) , who showed that compared to natural community shifts, T4 lysozyme was only a minor factor -if any -in changing bacterial community structures of the agroecosystem.
In summary, this model study under laboratory conditions showed that the fingerprint obtained by Py-FIMS has potential as a screening technique to analyze changes in rhizodeposition that might have an impact on the composition and activity of rhizosphere or bulk soil microbes. However, relevance of the results for a risk assessment of growing GM crops under field conditions is limited because (1) the relatively small soil volume and high root density differ from field conditions, (2) the rhizodeposition generally can be affected by many biotic and abiotic factors (Jones et al., 2004) other than the release of GM proteins, and (3) baseline studies, i.e. to compare different potato varieties, soils and growth stages are still lacking, so it is impossible to relate the differences found between transgenic and parental lines to the "natural" variation. Despite these limitations, some of which will be overcome in forthcoming studies, the analytical-chemical approach is highly complementary to Catchpole et al. (2005) , who recently described a comprehensive comparison of total metabolites in fieldgrown GM and conventional potatoes using a rapid massspectrometric metabolome fingerprinting.
CONCLUSIONS
Elemental analyses, Py-FIMS, dehydrogenase activity and substrate-induced soil respiration, in agreement with the pertinent literature, showed that we could exclude distinct and direct T4-lysozyme-founded effects of the GM potato plants under study on the rhizodeposition and resulting bulk characteristics of microbial activity in soil.
Among the three methods applied, only Py-FIMS of rhizodeposits proved any, even if so far not well explained, effects of the growth of T4-lysozyme-potato versus nontransgenic potato plants on organic substances leached from soil. Therefore, the Py-FI mass spectrometric fingerprint is to be considered a fast, comprehensive, highly sensitive and reproducible analytical approach to discern any effects GM crops may exert on soil ecological parameters.
Since we observed some, but not well understood, differences in the Py-FI mass spectra of leachates from soil between the non-transgenic parent line and three GM potato lines after a six-week growing period, we will expand this investigation by a refined sampling strategy, which will include exudates collected after each 12 hours of photosynthetic activity and nighttime periods. Furthermore, if differences in the rhizodeposits are detected, potential changes in the associated microflora need to be evaluated, e.g., by molecular fingerprints of 16S or 18S rRNA gene fragments amplified from total community DNA (Milling et al., 2004) .
MATERIALS AND METHODS
The experiment was carried out on sandy soil from the Ap horizon of a Cambisol, which had the following analytical characteristics: pH in CaCl 2 6.6, cation exchange capacity 5.33 cmol c .kg
, and elemental composition of 7.9 g.kg -1 carbon (C), 0.8 g.kg -1 nitrogen (N) and 1.6 g.kg -1 sulfur (S). The concentration of plant-available P (double lactate extract) was 52 mg.kg -1 , indicating a medium optimal P supply. For the experiment about 340 cm 3 of non-sterile soil was filled into polycarbonate containers "CombiSart" (Merck, Darmstadt, Germany), in which the plants were grown.
Tubers of the T4-lysozyme potato lines DL10 and DL12 were provided by K. Düring in 1998 (MPB Cologne, Köln, Germany). The one-eyed pieces of potato mini-tubers were exposed for 15 min in a solution of gibberellic acid (1 mg.L -1
) and thiourea (6 mg.L -1 ), and then immediately transferred into the containers of soil. The plants were grown after germination under photoperiod of 12 hours and 20 °C day/night temperature for six weeks. The light intensity was 350 µmol m -2 .s -1 . Growing plants were fertilized twice with 50 ml Knop's solution. The experiment included the following variants: -Control: sandy soil without crops; -WT: cv. Désirée, non-transgenic potato; -LH9000: transgenic line expressing the nptII gene (Hausmann and Töpfer, 1999) for the resistance to kanamycin; -DL10, DLl2: independent transgenic lines with similar expression profile carrying the T4 lysozyme coding region fused to the CaMV 35S promoter and the nptII gene (Düring and Porsch, personal communication).
The experiment was laid out in three replicates. After six weeks (phenological BBCH code 107, Biologische Bundesanstalt für Land-und Forstwirtschaft, 2001 ) the soil in the containers was leached with distilled water as described by Kuzyakov and Sinyakina (2001) , and Melnitchouck et al. (2005) . Briefly, the soil containers were completely saturated, and then slowly leached with additional 100 ml of distilled water. Collection of the leachates was completed after 2 hours. In agreement with previous studies we call these leachates rhizodeposits although they also may contain microbial metabolites of rhizodeposits and products of the interaction with soil organic matter, including biomolecules trapped in humic substances. To prevent possible decomposition of organic matter, collected leachates were immediately frozen and freeze-dried. Until analyses, the solid residues were kept in closed vials at -20 °C. The C, N and S contents were determined by the elemental analyzer Vario EL (Elementar Analysensysteme GmbH, Hanau, Germany).
For Py-FIMS, about 1 mg of freeze-dried leachate sample was transferred to a quartz micro-oven and heated from 110 to 700 °C in steps of 10 K in the direct inlet system of a modified double-focusing Finnigan MAT 731 mass spectrometer (Finnigan, MAT, Bremen, Germany). After 19 min of total registration time, about 60 magnetic scans were recorded for the mass range 16 to 1000 Dalton (single spectra). These were combined to obtain one thermogram of total ion intensity (TII) and an averaged mass spectrum. In addition, for each single scan, the ion intensities of marker signals for ten selected classes of chemical compounds in SOM were calculated (Schulten and Leinweber, 1999) . All Py-FIMS data were normalized per mg sample. For detailed descriptions of the Py-FIMS methodology and of statistical evaluations of sample weight and residue, volatilized matter, and total ion intensities (TII) see Schulten (1996) and Schulten et al. (1998) .
To identify differences between the variants, a principal component analysis (PCA) was carried out with the 11 m/z with the largest variance weights, i.e. the ratio of interclass variance of a variable to its intraclass variance (Kowalski and Bender, 1972) .
Two weeks after the leaching of rhizodeposits, the plants were cut off, and the bulk soil was used for determinations of (1) substrate-induced soil respiration and (2) dehydrogenase activity. Coarse roots were separated manually from the soil, but fine roots and root hairs remained in the sample and contributed to respiration and enzyme activity. For substrate-induced soil respiration, 20 ml of glucose solution (20 g.L -1 ) were added to each soil sample, and three soil samples of 100 g from each variant at field capacity were placed for 18 days in an incubation chamber (Auergesellschaft GmbH, Germany). The concentrations of CO 2 and N 2 O were determined by IR spectroscopy, and were recorded at intervals of six hours. The dehydrogenase activity was determined as described by Thalmann (1968) . This method involves a colorimetric determination of 2, 3, 5-triphenyl formazan (TPF) produced by the reduction of 2, 3, 5-triphenyltetrazolium chloride (TTC) by soil microorganisms. From each variant, 5 g soil was taken in three replicates. The amount of TPF produced was determined at the wavelength of 546 nm by an UV-VIS spectrophotometer (Spectrosonic Genesys 5, Milton Roy Company, Rochester, USA).
For all statistical analyses (t-test, ANOVA) the software package STATISTICA 5.0. (StatSoft, Inc., 2002) was used.
